










GENOMICS AND TRANSCRIPTOMICS OF THE MOLTING GLAND (Y-ORGAN) IN THE 









Department of Biology 
 
 
In partial fulfillment of the requirements 
For the Degree of Master of Science 
Colorado State University 





Advisor: Donald L. Mykles 






















Copyright by Lindsay Martin 2016 








GENOMICS AND TRANSCRIPTOMICS OF THE MOLTING GLAND (Y-ORGAN) IN THE 
BLACKBACK LAND CRAB, GECARCINUS LATERALIS 
 
 
 Molting is required for growth and development in crustaceans.  In the blackback land 
crab Gecarcinus lateralis, molting is stimulated by ecdysteroids, hormones produced in the Y-
organ (YO).  Throughout the molting cycle, the YO demonstrates phenotypic plasticity.  The 
phenotypic plasticity is correlated with the stages of the molt cycle, during which YO 
ecdysteroid production varies.  During intermolt, the longest stage of the molt cycle, the 
circulating ecdysteroid titers are low and molting is suppressed.  In preparation for molting, the 
YO increases ecdysteroid production during premolt.  Circulating ecdysteroids continue to rise, 
dropping right before the ecdysis and remaining low in the subsequent postmolt period.  During 
the molt cycle, the YO’s sensitivity to inhibitory cues also varies, which contributes to 
ecdysteroid fluctuations. 
 To better understand how changes in gene expression modulate the YO’s phenotypic 
plasticity, a YO transcriptome from five molt stages was generated.  Using over 5.6 million reads 
from Illumina, 229,278 contigs were assembled to comprise the reference transcriptome.  By 
comparing expression levels of the transcripts between the molt stages, 13,189 unique 
differentially expressed contigs were identified in G. lateralis.  Based on differential expression, 
insect hormone biosynthesis and oxidative phosphorylation pathways were enriched, validating 
the YO transcriptome identity.  Using GO enrichment, MAP kinase was identified as a possible 




 To complement and validate the transcriptome, claw muscle genomic DNA was 
sequenced and assembled using 2.6 million reads.  375,152 scaffolds ≥ 500 bp were built, with 
an N50 of 1,841 bp.  Using k-mer frequencies, the genome size was estimated to be 3.07 Gb, 
similar to mammalian vertebrates.  The median gene size of G. lateralis was approximated to be 
6,300 bp; the disparity between the median estimate and the N50 prohibited further 
computational analysis.  Genome scaffolds were sufficient in length for manual comparison.  
Alignment of the transcriptome and genome sequences of theRheb gene showed 100% 
nucleotide alignment in the open reading frame, and extended the sequence by 7.7 fold, 
including the identification of four introns.  The sequence comparison validated both genome 
and transcriptome assemblies and extended the gene sequence. 
 Next-generation sequencing provided us with a global perspective of molecular variations 
within the YO throughout the molt cycle.  We hypothesize variations in gene expression regulate 
YO phenotypic plasticity by varying ecdysteroid production.  YO transitions throughout molting 
are essential for regulation.  YO activation and commitment, both corresponding to increased 
ecdysteroids, are required to induce ecdysis.  YO repression, during which circulating 
ecdysteroid titers are low, is needed to prevent precocious m lting.  Identifying changes in gene 
expression and key regulatory elements correlating with variations in YO phenotype will 
increase our understanding of molt cycle regulation, which is critical for crustacean 
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Molting in Crustaceans: 
 Development, growth, and repair are common needs among organisms.  The mechanisms 
used by different species to meet these shared needs are widely diverse.   Animals in the 
Crustacea subphylum experience cyclical regeneration and shedding of a rigid exoskeleton 
throughout the life cycle (Skinner, 1985).  This process, also known as molting, is required to: 
complete the metamorphosis from zoea to juvenile (Willems, 1982), grow in size from juvenile 
to and throughout adulthood (Chang and Mykles, 2011), and repair damaged exoskeletons and 
regenerate lost limbs throughout life (Das, 2015).  The blackback land crab, Gecarcinus 
lateralis, exhibits typical molt patterns of crustaceans.  G. lateralis serves as a model crustacean 
to better elucidate mechanisms influencing the molting cycle of adult crabs. 
 Molting is a physiological process with distinct stages originally identified by Drach in 
1939.  Drach used exoskeletal modifications to classify the molt stages into main groups A-E, 
with 14 sub-groups (Drach, 1967).  Each stage is accompanied by physiological changes in the 
exoskeleton, which aid in the successful molt of the animal.  Skinner and Bliss added to Drach’s 
work by identifying events specific to G. lateralis and modifying nomenclature (Bliss and Boyer, 
1964; Skinner, 1962).  Figure 1 is a compilation of the observations made by Drach, Skinner, and 
Bliss; further described in the text below.  For clarity, molt stage terminology was refined to the 
following six stages: intermolt, early premolt, mid premolt, late premolt, ecdysis, and postmolt 
(Chang and Mykles, 2011). 
 Molt preparation and recovery comprises several molt cyc e stages (Fig. 1), with ecdysis 




within a few minutes (Kuballa, 2007) to a few hours.  The event requires extensive premolt 
preparation, which constitutes a significant molt stage (Bliss and Boyer, 1964).  The premolt 
period varies from approximately two weeks, to an excess of a month (Kuballa, 2007; Skinner, 
1962).  After ecdysis the animal is extremely vulnerable due to the soft, uncalcified exoskeleton 
exposed (Bliss and Boyer, 1964).  Recovery in postmolt is also a critical time, and in conjunction 
with the preparation, comprises one-third of a crustacean’s life cycle (Kuballa, 2007).  During 
the entire molt cycle, the animal is undergoing physiological changes, not limited to: exoskeletal 
restructuring, hormonal fluctuations, and limb regeneration (Das, 2015; Skinner, 1985). 
 
Physiological Changes Indicate Molt Stage Progression:  
 The exoskeleton is comprised of epicuticle, exocuticle, and endocuticle layers (Fig. 2), 
which transition throughout the molt cycle (Skinner, 1962).  G. lateralis spends a majority of 
time in intermolt (C4), when the exoskeleton is developed and rigid (Bliss and Boyer, 1964; 
Kuballa, 2007).  Throughout intermolt, the innermost layer of the exoskeleton, endocuticle, 
continues to form and increase in size (Skinner, 1962).  Intermolt is the stage when exoskeletal 
components are most stable and variations in structure are minimal. 
 When adult G. lateralis transitions into early premolt (D0) due to growth or repair needs, 
restructuring of the exoskeleton occurs.  The exoskeleton separates from the underlying 
epidermis and epidermal cellular hypertrophy occurs (Skinner, 1985).  These epidermal cells are 
responsible for synthesizing two outermost layers of the new exoskeleton, the epicuticle and the 
endocuticle (Skinner, 1962).  To facilitate the construction, part of the existing exoskeleton is 
catabolized in mid premolt (D1-2) (Bliss and Boyer, 1964; Drach, 1967).  The enlarged 




existing exoskeleton (Skinner, 1985).  In late premolt (D3-4) the epidermal cells separate from 
the endocuticle in preparation for molting (Skinner, 1962).  In addition to exoskeletal changes, 
the entire animal is experiencing an increase in water absorption, weight, and metabolism 
(Skinner, 1962).  Overall, premolt is a time of growth for G. lateralis (Bliss and Boyer, 1964). 
 Ecdysis (E) is the act of molting, when the carapace splits and the animal exits from the 
old exoskeleton by backward withdrawal (Drach, 1967; Kuballa, 2007).  Water engulfed during 
premolt is used to stretch the new exoskeleton, which is thin and supple (Skinner, 1985).  
Immediately following ecdysis animals are lighter (Skinner, 1962).  In postmolt, weight is 
rapidly re-gained as muscle and tissue growth occur (Skinner, 1985).  The newly expanded 
carapace width is 1-7% larger, and accommodates an overall w ight increase of 6-22% by the 
end of postmolt (Skinner, 1962).  The previously hypertrophied epidermal tissue cells reduce to 
the original size (A1-2), and a new endocutical begins to form (B1-2) (Skinner, 1962).  
Calcification and hardening of the exoskeleton marks the end of the postmolt period, as the 
exoskeleton is now mature (C1-3). 
 Hormonal fluctuations are also an indication of molt stage progression.  Molting is 
induced by ecdysteroids, a group of steroid hormones produced by the endocrine gland, the Y-
organ (Mykles, 2011).  In G. lateralis, the Y-organs (YOs) are easily accessible in the anterior 
cephalothorax of the animal (Fig. 3) (Bliss and Boyer, 1964; Chang and Mykles, 2011).  The YO 
synthesizes ecdysteroids from cholesterol, and secretes the molting hormones into the 
hemolymph (Bliss and Boyer, 1964; Chang et al., 1993; Lachaise et al., 1993; Mykles, 2011).  
Ecdysteroid hemolymph titers vary, and fluctuations regulate molt stage progression (Chang and 




enzyme-linked immunosorbent assay (ELISA), allowing for accurate and consistent molt-staging 
of animals (Covi et al., 2010). 
 The presence of the YO is required for the molt cycle (B iss and Boyer, 1964; Lachaise et 
al., 1993), but regulation is essential to prevent precocious or continuous molting.  To 
accomplish this, the YO is negatively regulated by hormones produced in the X-organ, XO (Bliss 
and Boyer, 1964; Chang et al., 1993; Covi et al., 2012; Lachaise et al., 1993).  The XO is located 
in the base of the eyestalks (Fig. 3) and produces two neuropeptide hormones involved in 
regulating ecdysteroid synthesis: molt inhibiting hormone, MIH, and crustacean hyperglycemic 
hormone, CHH (Chang et al., 1993; Covi et al., 2012).  Experimentally, MIH and CHH 
demonstrate a negative effect on ecdysteroid secretion in G. lateralis, both in vitro and in vivo, 
with MIH being identified as the primary inhibitor (Covi et al., 2012).  It is hypothesized that 
MIH and CHH binds to receptors on the YO and inhibit ecdysteroid synthesis through cAMP 
and cGMP secondary messengers (Covi et al., 2012; Mykles et al., 2010; Nakatsuji et al., 2009).  
The role and importance of these cyclic nucleotides in suppressing the YO varies by species as 
well as molt stage (Covi et al., 2009; Mykles et al., 2010). 
 During the molt cycle, the YO’s ecdysteroid secretions and MIH sensitivity are used to 
identify the molt stage of an animal (Fig. 4).  In intermolt, hemolymph ecdysteroid titers remain 
low and YO steroidogenesis is repressed by MIH (Chang and Mykles, 2011).  When G. lateralis 
enters premolt, ecdysteroids linearly increase (McCarthy and Skinner, 1977) and the YO’s 
sensitivity to MIH changes (Chang and Mykles, 2011).  Early premolt is initiated by a drop in 
MIH, accompanied by YO activation and an increase in hemolymph ecdysteroids (Chang and 
Mykles, 2011).  During mid premolt hemolymph titers are continually elevated and the animal 




suppress molting (Chang and Mykles, 2011).  In late premolt, hemolymph ecdysteroids peak 
(Chang and Mykles, 2011), followed by a rapid decline just prior to ecdysis (Mykles, 2011).  
After ecdysis, in postmolt, the YO transitions to a state similar to intermolt, with low ecdysteroid 
levels (Chang and Mykles, 2011). 
 In addition to exoskeletal remodeling and hormone fluctuations, limb regenerates also 
serve as a marker for molt stages (Bliss and Boyer, 1964).  Crustaceans have the ability to 
autotomize, reflexively drop, and regenerate appendages (Mykles, 2001).  Epimorphosis is the 
limb regeneration mode used by crustaceans; it involves the replacement of a walking leg or 
claw from a mass of cells that undergoes de-differentiation and proliferation (Das, 2015).  In G.
lateralis epimorphosis occurs in two stages: basal growth and proecdysial growth (Das, 2015).  
Basal growth occurs in intermolt, when hemolymph ecydsteroid titers are low (Das, 2015).  
During basal growth, cell differentiation occurs; and the regenerate becomes fully differentiated 
containing all segments and tissues found in a fully developed limb (Das, 2015).  Proecdysial 
growth occurs throughout premolt, and is a time of rapid growth for the limb bud (Bliss and 
Boyer, 1964; Das, 2015).  By the time the animal reaches ecdysis, limb regeneration is complete, 
and the animal will emerge from the molt with a full set of appendages.  By autotomizing 
multiple limbs, G. lateralis can be forced into a precocious molt (Fig. 5) (Skinner and Graham, 
1972). 
 In G. lateralis, the increasing size of limb regenerates is compared to carapae width to 
generate an R-value (Bliss and Boyer, 1964).  Increasing R-values track the progression of 
individuals throughout the molting cycle (Fig. 4, 5) (Bliss and Boyer, 1964).  The following R-
values correspond to stages in the molt cycle: 0-8 in intermolt, 8-15 in early premolt, 15-19 in




measurements of limb buds, it is a convenient method to quickly stage crabs of varying sizes.  
The limb regenerates reliance upon molting and regulation by ecd steroids make them an 
additional molt stage indicator for G. lateralis. 
 
Next Generation Sequencing: 
 Advances in next generation sequencing, NGS, allow for comprehensive and efficient 
sequencing of genomic DNA and mRNA (Haas et al., 2013).  Researchers are now able to 
acquire a large amount of data in a relatively short time frame to answer novel, global-scale 
questions.  The applications for NGS are diverse: identifying gene products, classifying 
regulatory components, researching signaling pathways, and locating disease-causing mutations 
are a few common areas of study (Grada and Weinbrecht, 2013).  Often a database of genomic 
DNA (genome) or mRNA (transcriptome) can be used to answer a variety of questions or 
generate new hypotheses.  The ability to gain a global perspective and answer a diverse range of 
questions using a single dataset is the basis for choosing next eneration sequencing to study 
molting in G. lateralis. 
 Experiments involving NGS often start with the same methodology.  Tissues are 
harvested and genomic DNA or cDNA samples are prepared for sequencing (Grada and 
Weinbrecht, 2013).  Libraries are amplified and sequenced using massively parallel sequencers 
to reduce time and cost (Mardis, 2011).  Reads are returned to the researcher, and data analysis 
begins (Grada and Weinbrecht, 2013).  Quality reads are assembled into longer, usable 
sequences known as scaffolds or contigs.  These sequences rquire annotation, usually performed 
computationally against related species (Yandell and Ence, 2012).  Finding biological 




(Yandell and Ence, 2012).  After basic annotation, the pipeline diverges based on the project.  
The recent surge in sequencing has led to a rapid development of computational packages 
designed to address an ever-expanding number of questions being answered through 
bioinformatics (Yandell and Ence, 2012). 
 RNA sequencing technology, RNA-seq, provides an opportunity to examine a complete 
set of transcripts within an organism (Wang et al., 2009).  Previous studies involving G. lateralis 
required transcripts to be sequenced individually, with degenerate p imers from arthropod 
orthologs.  Using this approach, a total of 59 G. lateralis mRNA sequences are available on 
NCBI.  RNA-seq is ideal for increasing this database, becaus computational parameters, not 
prior gene knowledge, are used to assemble transcripts on a glbal scale (Haas et al., 2013; 
Wang et al., 2009; Willems, 1982).  At the same time as assembly, transcripts can be quantified 
with accuracy comparable to quantitative PCR (Wang et al., 2009).  Simultaneously producing 
and quantifying a global set of transcripts decreases the amount of tissue required, and 
maximizes the efficiency of the experiment- both in regards to cost and time.  Additionally, the 
large amount of information gleaned can lead itself to new hypotheses previously unconsidered. 
 Sequencing and assembling a genome is a valuable complement to a transcriptome.  A 
genome can be superimposed onto transcriptome data to provide additional gene information, 
such as regulatory elements and gene structure (Feuillet et al., 2011).  Sequencing both a genome 
and transcriptome is ideal, as comparisons between the two can improve assembly, annotation, 
and interpretation of sequence data (Yandell and Ence, 2012).  Repetitive sequences, ploidy 
numbers, and gene duplicates add complications to genome projects (Unamba et al., 2015), 





 NGS is popular among biologists, but identifying biological signif cance can be a 
challenge.  Generating a genome or transcriptome using reads is relatively straightforward, but 
ensuring the product is accurate and usable is still an issue (Fe illet et al., 2011).  Sequences 
assembled are only as good as the algorithms used to compile them, and annotation is entirely 
dependent upon the quality of the reference database (Yandell  Ence, 2012).  Quality control 
and verification is required.  New statistical models are ne ded to address questions generated by 
NGS data.  For example, many transcriptome researchers want to identify genetic dependencies 
and relationships, a complex question requiring new statisticl models (Chang, 2016).  Although 
NGS is not new, the availability and standardization of tools is still in its infancy, which may 
require data generated to be reanalyzed to be substantiated (Yandell and Ence, 2012). 
 Despite the challenges, NGS was selected to address the question of phenotypic plasticity 
in G. lateralis.  The YO in G. lateralis plays a critical role in molt regulation through changes in 
MIH sensitivity, leading to varying levels of ecdysteroid production.  How molecular regulation 
modulates variations in YO physiological states throughot the molt cycle is largely unknown.  
Mechanistic target of rapamycin, mTOR, and transforming growth factor β, TGF-β are two 
pathways experimentally identified to play a pivotal role in YO activity and ecdysteroid 
synthesis (Abuhagr AM, in press 2016). The use of NGS presents the opportunity to validate 
local studies while gaining a global perspective on coding sequences, regulatory regions, and 
transcript expression.  For this reason, genomic and trasc iptomic experiments were designed to 
study variations in G. lateralis YO in various molt stages.  Identifying transcriptional 
mechanisms controlling YO gene expression will create a better understanding of conditions 










Figure 1: Molt cycle stages and events occurring in G. lateralis.  Figure information compiled 
from observations by: Drach 1939, Skinner 1962 and Bliss 1964.  Stage A-E identified by Drach.  
Intermolt-postmolt stage nomenclature coined by Skinner.  Location of intermolt-postmolt stages 
in relation to Drach determined by Mykles 2011. 
 
  
Stage A1-2: Cuticle is soft, water is being absorbed.  
Exocuticlecalcification begins.  Epidermal cells 
decrease in size.
Stage B1-2: Exoskeleton is pliable, with 
ventral side remaining soft.  Endocuticle
begins to form.
Stage C1-4: Exoskeleton hardens.  
Endocuticleis formed.
Stage D0: Epidermis separates from 
endocuticle.  Gastrolithsynthesized.  
Limb regeneration begins.
Stage D1: Exoskeleton is reabsorbed, 
epidermal cells proliferate and 
hypertrophy  Epidermal layer separates 
from endocuticle.
Stage D2: New exocuticleand epicuticle 
secreted.
Stage D3-D4: Epidermal cells slightly 
decrease in size, separate from 
endocuticle.























Figure 3: Locations of the X-organ and Y-organ in G. lateralis.  The X-organ is located in the 










Figure 4: Molt stage identification of G. lateralis in multiple leg autotomy experiment, using R-
values and hemolymph ecdysteroid titers.  Images of repres ntative individuals are shown above.  








Figure 5: Visualizing the molt cycle stages of Gecarcinus lateralis.  The images are 
representative of animals in intermolt, premolt (early, mid, late), and postmolt.  (A) The animal 
in intermolt, with a right walking leg removed for R-value molt stage verification.  (B) Animals 
with multiple leg autotomy progress through early, mid, and lte premolt.  Molting is precocious.  
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Molting is a cyclical process in crustaceans, required for adult growth and repair.  
Hormonal regulation of the molt cycle is critical, and ecdysteroids vary as the G. lateralis 
transitions through the molt stages: intermolt, early premolt, mid premolt, late premolt, and 
postmolt (Chang and Mykles, 2011).  To better understand how phenotypic plasticity of the Y-
organ (YO) is transitioning between the molt cycle stages, molecular regulators of ecdysteroid 
synthesis are a target of study. 
 The YO is the crustacean molting gland homologous to the prothoracic gland in insects 
(Lachaise et al., 1993; Skinner, 1985).  Within this structure, ecdysteroids are synthesized from 
cholesterol obtained through the animal’s diet (Mykles, 2011).  The pathway of ecdysteroid 
synthesis begins with the conversion of cholesterol to the intermediate 5β-diketol, followed by a 
the conversion of 5β-diketol into secreted ecdysteroids: ecdysone, 25-deoxyecdysone, and 3-
Dehydro-25-deoxyecdysone (Mykles, 2011).  Ecdysteroids are sected in the hemolymph, 
circulatory fluid, and carried throughout the animal.  A group f Halloween genes in the 
biosynthetic pathway are responsible for ecdysteroid synthesis. Shroud, 
Spook/Spookier/Spookiest, Phantom, Disembodied, and Shadow are all involved in the 
conversion of cholesterol to ecdysteroids within the YO (Mykles, 2011).  These genes serve as 
markers for ecdysteroid synthesis in the YO.  For a full review on ecdysteroid metabolism the 
reader is directed to Mykles (2011). 
The YO is comprised of homogenous cells tightly packed into a structure a few 




vary widely, and even disappear in those with a terminal molt (Lachaise et al., 1993).  G.
lateralis continues to molt throughout its lifetime, with YO located in the cephalothorax 
(Skinner, 1985), encased in a cuticular membrane, attached to the exoskeleton.  Cells are 
homogenous and structural changes are reported throughout the mol  cycle in crustaceans, but 
vary widely by species (Skinner, 1985). 
Detailed microscopy work has not been completed in the YO of G. lateralis, however the 
YO of a related freshwater crab, Travancoriana schirnerae, was examined during premolt (Arath 
Raghavan Sudha Devi and Sagar, 2015).  The premolt YO contained an abundance of ribosomes 
and mitochondria (Arath Raghavan Sudha Devi and Sagar, 2015).  Mitochondria were found 
concentrated near the nucleus, and contained extensive cristae (Arath Raghavan Sudha Devi and 
Sagar, 2015).  Two sizes, micro and macro mitochondria were id ntified and both found to be 
dense (Arath Raghavan Sudha Devi and Sagar, 2015), presumably with cristae.  These 
observations support previous reviews of the YO in other crustaceans, which noted 
mitochondrial changes.  Mitochondria in mid premolt undergo structural remodeling, cristae are 
numerous (Lachaise et al., 1993).  During premolt, mitochondria cristae increased, along with a 
15-fold increase in the volume of the entire organelle (Skinner, 1985). 
 In vivo YO experiments demonstrate the mechanistic target of rapamycin (mTOR) and 
transforming growth factor-β (TGF-β) pathways are both involved in upregulating ecdysteroid 
synthesis (Abuhagr AM, in press 2016).  Animals induced into a precocious molt by the removal 
of endogenous MIH were exposed to rapamycin, an inhibitor of mTOR.  Results showed a 
decrease in hemolymph ecdysteroids which persisted for 14 days, until the experiment was 
terminated (Abuhagr AM, in press 2016).  In a similar experiment exposure to SB431542, a 




2016).  Chemical inhibitors directed at the mTOR and TGF-β pathway resulted in decreased 
hemolymph ecdysteroids, suggesting an inhibition of ecdysteroid synthesis in the YO.  Both 
mTOR and TGF-β are identified as regulators of the ecdysteroid production in premolt. 
 Previously a YO transcriptome for G. lateralis was constructed with intermolt animals, to 
gain a global perspective of transcripts present in the YO during a basal state (Das et al., 2016).  
The intermolt transcriptome was assembled with fidelity, contigs assembled matched the 
validating Sanger sequences by 99%.  The 231K contigs assembled wer  functionally annotated 
with Gene Ontology (GO) terms and Kyoto Encyclopedia of Genes a d Genomes (KEGG) 
pathways, utilizing both gene function classes and pathway components to determine biological 
significance.  During intermolt, the YO expressed components of the mTOR and TGFβ signaling 
pathways (Das et al., 2016), both previously identified to be involved in ecdysteroid synthesis 
(Abuhagr AM, in press 2016). 
This project is aimed at expanding upon the intermolt YO transcriptome, to generate a 
database with intermolt, early premolt, mid premolt, late premolt, and postmolt animals.  
Identifying global transcript variation between the molt stages will aid in a better understanding 
of molecular regulators which drive the YO’s phenotypic changes throughout the molt cycle. 
 
Materials and Methods: 
Animal Care, Library Preparation, and Sequencing 
Gecarcinus lateralis adult males from the Dominican Republic were used for 
transcriptome sequencing.  The animals were acclimated and housed under conditions reported 
(Covi et al., 2010).  Y-organ tissues were harvested from intermolt, early premolt, mid premolt, 




Y-organs from intermolt animals were dissected from intact individuals, with walking 
legs and claws remaining on the animal.  To collect premolt and postmolt samples, intact animals 
were induced into a precocious molt using multiple limb autotomy, MLA, with the removal of 
eight walking legs.  R-values were used to stage the animals (Blis and Boyer, 1964) according 
to the following values: early premolt 11-15, mid premolt 16-18, late premolt ≥ 19. 
A competitive Enzyme Linked Immunosorbent Assay was used to quantify hemolymph 
ecdysteroid titers from all animals (Abuhagr et al., 2014a).  Ecdysteroid titers, in pg/µl, were 
used to confirm intermolt and premolt animal staging with ranges of: intermolt <5, early premolt 
10-40, mid premolt 40-80, late premolt >100.  Animals with similar ecdysteroid titers had Y-
organs pooled, two to three pairs per library, for sequencing.  Each molt stage contained three 
biological replicates for a total of fifteen libraries.  mRNA isolation, library preparation, and 
sequencing were completed as described in Das et. al 2016.  cDNA libraries were sequenced to 
generate 100 bp paired-end reads at the Oklahoma Medical Research Foundation using the 
Illumina HiSeqTM 2000 sequencer. 
 
de novo Transcriptome Assembly 
Paired-end, 100 bp reads were examined for quality using FastQC 0.11.3 from Babraham 
Bioinformatics (Andrews, 2010).  Reads were edited using Trimmomatic 0.33 (Bolger et al., 
2014).  Adapters were first removed, followed by the removal of low-quality sequences.  
Trimmed reads ranged from 36 bp to 100 bp in length, with an average phred quality score ≥ 28 
over a 4 nucleotide sliding range.  Trimmed paired and unpaired reads were re-examined for 




High quality reads were assembled into contigs, also referred to as transcripts, using 
Trinity r20140413p1 (Grabherr et al., 2011).  Contigs generated contained a minimum of 200 
bases, with minimum kmer coverage of two.  Contigs with 90% nucleotide similarity over eight 
bases were clustered using CD-HIT-EST 4.6.1 (Fu et al., 2012).  This sequence database was 
referred to as the reference transcriptome. 
 High-quality reads from the fifteen libraries were aligned to the reference transcriptome 
using Bowtie 2 2.2.3 (Langmead and Salzberg, 2012).  A seed setting of 1 mismatch was allowed 
during alignment.  To estimate contig (transcript) abundance produced by Bowtie 2.0, file 
conversion was completed using SAMtools 0.1.18 (Li et al., 2009).  eXpress 1.5.1 was used to 
quantify the number of fragments per transcript per library, in the form of raw counts and 
normalized fragments per kilobase per million reads (FPKM) (Roberts and Pachter, 2013). 
 
Test for Differential Expression with EdgeR 
The transcriptome libraries were filtered to increase the statistical power of EdgeR in 
identifying differentially expressed transcripts.  Metagenome Analyzer 5.6.6 identified bacterial 
sequences from the output of BLAST against NCBI NR database (Huson et al., 2007).  These 
contigs were removed from the transcriptome.  Using EdgeR 3.12.0 transcripts with low counts 
were removed, using the parameter of < 1 count per million readsin < 3 libraries (Robinson et 
al., 2010).  Transcripts containing count values over two million, consistent among biological 
replicates in at least one molt stage, were also remov d.  Removal of contigs with low and high 
expression facilitated the identification of differentially expressed transcripts using EdgeR. 
 Libraries of biological replicates were examined for similarity based on count values with 




Kendall’s tau coefficient (Kendall, 1938).  Libraries that did not correlate or group withtheir 
corresponding biological replicates were removed for downstream analysis. 
 EdgeR identified differentially expressed transcripts bewe n the molt stages.  Five 
pairwise comparisons were conducted: intermolt to early premolt, early premolt to mid premolt, 
mid premolt to late premolt, late premolt to postmolt, and postmolt to intermolt.  Trimmed mean 
of M-values (TMM) normalization reduced inherent variabilities between libraries through 
scaling factors.  Dispersions were estimated under a negative binomial model.  The square root 
of the common dispersion identified the transcript variation between biological replicates.  To 
test for differential expression, a quasi-likelihood F-test was run testing pairwise comparisons.  
Transcripts identified as differentially expressed between molt stages contained an FDR cutoff of 
≤ 0.01. 
 
Identify Enriched KEGG Pathways and Gene Ontology Terms 
 To identify enriched KEGG pathways, transcriptome contigs were annotated using 
BLASTx 2.2.30 (Altschul et al., 1990) against the Drosophila melanogaster KEGG Orthology 
protein database (Xie et al., 2011) with an e-value cutoff of 1e-5.  This database was downloaded 
from KOBAS 2.0 in March 2016.  The annotate function in KOBAS 2.0 added KEGG pathway 
information to contigs annotated in BLASTx using an e-value cutoff of 1e-8.  In order to detect 
enriched KEGG pathways, the identify function compared contigs differentially expressed to the 
entire transcriptome.  Enriched KEGG pathways were identifi d using a hypergeometric 
test/Fisher’s exact test, Benjamini and Hochberg FDR correction, a small term cutoff of 5, and a 




 To identify enriched gene ontology (GO) terms, transcriptome nucleotide sequences were 
annotated against the TrEMBL database, downloaded October 19, 2015, using local BLASTx 
(Das et al., 2016).  BLASTx parameters included ten hits per contig with an e-value of 1e-5 and 
was run as described by Das et al. (2016).  The output of BLASTx was used for functional 
annotation by Blast2GO Basic 3.0.8, which added GO terms to annotated contigs (Conesa et al., 
2005). 
 Differentially expressed contigs from five pairwise comparisons were input separately in 
Blast2GO PRO 3.2.7 for an enrichment analysis, with the complete, functionally-annotated 
transcriptome serving as background (Conesa et al., 2005).  A two-sided Fisher’s Exact test with 
an FDR cutoff of 0.05 determined statistical significance.  GO terms were filtered to eliminate 
redundant, general terms using a Fisher’s Exact test with an FDR cutoff of 0.05.  Over-enriched 
GO terms, terms with a higher percentage of differentially expressed sequences in respect to the 
background, with the two largest number of test group contigs were selected for downstream 
analysis.  Mean expression values (FPKM) of contigs in above GO terms were graphed, and 
transcripts of interest examined for biological relevance. 
 
Computational Notes: OSU High Performance Computer, RStudio, and perl 
The Cowboy sever at Oklahoma State University was used for read trimming, contig 
assembly, file conversion, read mapping, expression calculations, and BLASTx annotation.  The 
Cowboy cluster consists of 252 compute nodes, each with 32GB 1333 MHz RAM and dual hex-
core 2.0 GHz CPUs.  Filtering and differential expression was completed in RStudio Version 
0.99.486, with R version 3.2.2 (64-bit).  Sequence extraction and manipulation for enriched 





Molt Stage Animals and Sequencing 
R-values and ecdysteroid titers confirmed that animals were properly staged into 
intermolt, early premolt, mid premolt, late premolt, and postmolt.  Each molt stage contained 
three biological replicates in which three animals were pooled f r each replicate; postmolt being 
the exception, replicate 2 and 3 each contained two pooled animals.  Mean hemolymph 
ecdysteroid titers (Fig. 6a) and R-values (Fig. 6b) were calculated for each molt stage. 
Three biological replicates for each molt stage, a totalof fifteen libraries, were sequenced 
using Illumina.  Intermolt, premolt, and postmolt animals were sequenced using the same 
machine at three different time points.  From the fifteen libraries, 616,916,101 100 bp paired-end 
reads were sequenced.  Initial sequencing denoted the beginning of the transcriptome assembly 
pipeline (Fig. 7). 
 
de novo Transcriptome Assembly 
Libraries were examined specifically for adapter content and per base sequence quality.  
Trimming removed adapters on the 3’ end and eliminated reads with average phred score below 
28 over a 4 nucleotide sliding range, with a minimum length of 35.  The number of high quality 
reads used for downstream analysis in all fifteen libraries totaled over 568 million (Fig. 7).  High 
quality reads were assembled into ~362K contigs using Trinity.  After eliminating redundant 
contigs, the transcriptome consisted of ~229K contigs (Fig.7). 
As part of the data analysis metrics on the length, mapping, and expression of 229K 
contigs were reviewed.  Contig length ranged from 201 to 21,020 bp, with a 680 bp mean length 




contigs was 1,081 bp.  Read alignment was used to evaluate assembly quality and expression 
quantification.  Reads mapped back to the reference transcriptome at an average rate of 94.15%.  
Expression data of contigs in all libraries had a median cou t (and FPKM) value of 0, indicating 
a skew in expression.  This was expected, as an entire transcriptome will not be constitutively 
expressed at all time points.  Filtering was required to eliminate contigs with low and 
inconsistent expression, preventing biological inference. 
 
Test for Differential Expression with EdgeR 
Following removal of 268 contigs annotated as bacteria, the transcriptome was reduced to 
229,011 contigs.  Of those, 41,396 transcripts were extracted for downstream an lysis using 
EdgeR filtering parameters.  Three transcripts contained disproportionately high expression 
consistent within all biological replicates (c196747_g1_i2 in intermolt, c241624_g3_i1 and 
c241624_g1_i1 in postmolt) and were removed from all libraries (Fig. 8a).  For differential 
expression, 41,393 contigs were analyzed using EdgeR.  The impact of filtering on individual 
libraries was measured based on the reads mapped, with postmolt library sizes being greatly 
reduced (Fig. 8b). 
 After reviewing MDS plot and Kendall’s tau coefficients, postmolt 1 library was 
removed from the reference transcriptome.  The postmolt 1 library had a low Kendall Tau’s 
correlation coefficient, 0.45 and 0.41, when compared to the ther biological replicates (Fig. 9a).  
In addition, postmolt 1 library groups closer to the premolt libraries than other postmolt libraries 
in the MDS plot, indicating this library contained a higher biological coefficient of variation and 
was not similar to other postmolt libraries.  Therefore, postmolt 1 was removed to improve the 




 Using EdgeR, the common dispersion of the transcriptome was calculated to be 0.2921, 
with the square root of 0.5405.  This suggested that the average amount of variation per gene 
between biological replicates was 54%.  EdgeR was used to identify differentially expressed 
transcripts between molt stages with an FDR cutoff of ≤ 0.01.  A total of 13,189 unique contigs 
were found to be differentially expressed, representing 5.8% of all transcriptome sequences 
assembled.  Pairwise comparisons revealed differentially expressed contigs among the following 
molt stages: 11,387 between intermolt and early premolt, 0 between early premolt and mid 
premolt, 37 between mid premolt and late premolt, 813 between lat  premolt and posmolt, and 
3,210 between intermolt and postmolt (Fig. 10). 
 
Identify Enriched KEGG Pathways and Gene Ontology Terms 
 The enrichment pipeline, including KEGG pathway analysis, is outlined in Figure 11.  
Enriched KEGG pathways contain a significant number of pathway components in the 
differentially expressed data across all molt cycle stages.  The results from KOBAS 2.0 showed 
two enriched KEGG pathways: insect hormone biosynthesis (KO id: dme00981) and oxidative 
phosphorylation (KO id: dme00190).  Insect hormone biosynthesis contained 37% components 
of the pathway, of which five genes were enriched (Fig. 12). In the oxidative phosphorylation 
pathway 25% of the components were identified.  Enriched genes included subunits of NADH 
dehydrogenase, succinate dehydrogenase, cytochrome c reductase, cytochrome c oxidase, F-type 
ATPase, and V-type ATPase (Fig. 13). 
The enrichment pipeline, with GO term analysis, is outlined in Figure 11.  BLASTx 
against the TrEMBL database resulted in significant hits for 53,668 contigs, which comprised 




transcripts.  This annotated transcriptome was used to identify r ched GO terms specific to 
molt stage comparisons.  Following GO term reduction, the following number of terms were 
extracted in each pairwise comparison: 4 in intermolt to early premolt (Fig. 14), 4 in mid to late 
premolt (Fig. 15), 8 in late premolt to postmolt (Fig. 16), and 5 in intermolt to postmolt (Fig. 17). 
Between the molt stage comparisons, over-enriched GO terms are represented in Table 1.  
Over-enriched GO terms are defined as terms with a higher representation in the test set (molt 
stage comparison) when compared to the reference.  The seven GO terms which contained the 
highest number of contigs include: cellular protein modification process (GO:0006464), chitin 
binding (GO:0008061)/chitin metabolic process (GO:0006030), structural molecule a tivity 
(GO:0005198), energy derivation by oxidation of organic compounds (GO:0015980), ribosome 
(GO:0005840), and translation (GO:0006412).  Mean expression data (FPKM) of contigs 
assigned to a particular GO term were graphed (Fig. 18-21). 
When the expression data from contigs within enriched GO terms was graphed, distinct 
expression profiles emerged.  Expression profiles were best illustrated in the GO term cellular 
protein modification process, as this term contains the most contigs (Fig. 18a).  Expression levels 
were expected to rise or fall between intermolt and early premolt, as all contigs included in this 
analysis were differentially expressed at this molt stage ransition.  Throughout the rest of the 
molt cycle stages however, random expression was expected, as contigs were not further 
clustered or grouped.  However, two clear expression trends were identified: FPKM values 
reached a maximum at intermolt and decreased throughout premolt (Fig 18c), or contigs 
expression remained elevated throughout intermolt and decreased at postmolt (Fig 18b).  These 
findings were surprising, as contigs annotated within this broad GO term were not expected to 




comparisons, especially in regards to postmolt.  In other pairwise comparisons with postmolt, a 
majority of contigs show a downregulation of expression in postmolt (Fig. 20, 21). 
In addition to expression profiles, pairwise comparisons identified contigs of interest for 
future studies.  Within the GO term cellular protein modification, 5% of contigs in the test group 
were upregulated in from intermolt to early premolt (Fig. 18b).  Mitogen-activated protein kinase 
ERK-A was one of the upregulated transcripts (c251373_g1_i1) of specific interest.  The MAP 
kinase signaling pathway is reviewed to be the dominant pathway regulating ecdysteroid 
synthesis in Drosophila melanogaster (Covi et al., 2012).  The kinase correlated with changing 
ecdysteroid levels throughout midpremolt (Fig. 22), indicating this may be a supportive pathway 
in G. lateralis, a trend found in other arthropod insects (Covi et al., 2012). 
 Two chitin binding proteins of interest were found based on mid premolt to late premolt 
comparisons.  Peritrophin (c240827_g2_i1), a protein with a chitin-binding domain, is shown to 
produce a matrix in insects and protect from parasites, bacteria, and viruses (Du et al., 2006).  
Peritrophin has also been identified in various shrimp tissue  and is hypothesized to aid in 
immune defense (Du et al., 2006).  The second contig of interest, a gastrolith protein 
(c205464_g1_i1), is a product typically found in the gastrolith of the animal, a temporary deposit 
in the stomach epithelium used to store calcium and minerals (McCarthy and Skinner, 1977).  
The significant differential expression of these two contigs were examples of candidates for 
future investigation.  The YO transcriptome can be used as a hypothesis-generating dataset. 
 
Discussion: 
The assembly and analysis of this YO transcriptome, containi g all molt stages, is the 




Utilizing a similar assembly and annotation pipeline, we generated  transcriptome containing 
expression data for five molt stages.  This project provides th  opportunity to compare 
transcriptome-wide expression levels between molt stages.  It is the initial step in understanding 
global transcriptional changes in the YO correlating with molt cycle progression. 
 Before examining transcriptional changes, the YO data were validated using enriched 
KEGG pathway annotation.  Twelve components of the insect hormone biosynthesis pathway 
were confirmed to be represented within the assembled YO transcriptome, with five 
differentially expressed components: Neverland, Phantom, Disembodied, Shadow, and 
CYP18A1 (Fig 12).  All five components were specific to the molting hormone portion of the 
KEGG pathway, and were enzymes in the crustacean ecdysteroid biosynthetic pathway (Mykles, 
2011).  As the YO is the primary site for ecdysteroid synthesis in Crustacea (Lachaise et al., 
1993), the presence of these particular transcripts validated that identity of the YO reference 
transcriptome. 
 The second enriched KEGG pathway also served to validate the YO transcriptome.  The 
enriched oxidative phosphorylation KEGG pathway included multiple enzymes used in energy 
metabolism occurring within the mitochondria (Fig. 13).  As ecdysteroid synthesis requires ATP, 
the enrichment of energy metabolism components was expected.  The enrichment of 
mitochondrial components aligned with previous histological studies, which identified a large 
number of dense mitochondria (Arath Raghavan Sudha Devi, 2015), presumably due to large 
metabolic needs.  The presence of an enriched oxidative phosphorylation pathway further 
verified the transcriptome contained valid YO contigs by identifying changes in metabolic 





 The identification of distinct expression profiles was a finding previously unobservable, 
due to the lack of global data.  This suggests trends among gene products with similar functions, 
which may contribute to the phenotypic plasticity in the YO.  This is especially evident in the 
postmolt stage.  Over 50 contigs peaking in postmolt were not present in other molt stages.  The 
contigs upregulated in postmolt were mostly bacterial sequences, and detectable because of the 
global downregulation of transcripts in the postmolt sta e.  This indicates postmolt is a distinct 
molt stage, identifiable by transcriptional repression in the YO.  The postmolt repression, taken 
together with the trends observed in other pairwise comparisons, indicate temporal trends in 
contig levels.  We propose commonalities in expression pr files could serve as transcriptional 
markers for molt stage transitions and that a large number of gene networks may contribute to 
YO transitions throughout the molt cycle. 
 The YO transcriptome provides a perspective on large-scale changes in lobal 
transcription, but there are limitations in data analysis.  Most notably, the GO terms and KEGG 
pathways are not specific to G. lateralis.  Annotation is based on the assumption of orthologs 
between species, which need to be manually verified for contigs of interest.  Even with a well 
annotated database in related species like Drosophila, assigning biological significance to G. 
lateralis transcripts and pathways can be a challenge.  Function is not always analogous between 
the arthropods even if annotation is correct. 
Another limitation is the inability to equally detect all variations in transcript expression.  
Contigs with large variation were identifiable as differentially expressed, however those with 
minimal changes will be left undetected.  The biological variation between replicates is 54.05%, 




limitation could be why regulatory pathways previously identified in YO were not identified as 
enriched. 
Previous studies demonstrate the mechanistic target of rapamycin (mTOR) pathway is 
involved in regulating ecdysteroid synthesis (Abuhagr et al., 2014b).  Expression of transcripts in 
the mTOR pathway positively correlate with increasing ecdysteroids (Abuhagr et al., 2014b).  In 
addition, in vitro inhibition of mTOR using rapamycin decreased YO ecdysteroid secretions 
(Abuhagr et al., 2014b).  mTOR and corresponding pathway components w re identified within 
the transcriptome by manual curation, however they were not identified in the enrichment assay.  
We hypothesize the mTOR pathway, which was previously identified as a regulator of 
ecdysteroid synthesis, was not enriched within the transcriptome due to incomplete annotation 
and stringent parameters for differential expression and enrichment. 
 Despite the limitations, the assembly of the YO transcriptome and quantification of 
expression provides a global picture of transcriptional ch nges occurring throughout the molt 
cycle.  Annotation with Drosophila melanogaster KEGG Orthology protein database produced 
enriched KEGG pathways which validated the transcriptome.  Pairwise comparisons of TrEMBL 
annotated contigs generated lists of enriched GO terms, which ere used to identify expression 
profiles and contigs of interest for future study.  This demonstrates the usability of the 
transcriptome to investigate novel questions that would otherwise be overlooked due to a lack of 
preliminary data.  Further investigation of specific transcripts will contribute to the 
understanding of regulatory factors controlling the variation in YO phenotype and regulating 






Figure 6: Ecdysteroid titers and R-values for transcriptome libraries.  (A) Mean ecdysteroid 
titers of libraries.  Error bars represent ± SEM.  Molt stages include three biological replicates.  
ANOVA used to identify statistically significant groups at the.05 level, denoted by asterisk.  (B) 































































Figure 7: G. lateralis YO transcriptome de novo assembly pipeline.  Platforms and versions are 








Figure 8: Contig number and library sizes after filtering.  A) Contigs in transcriptome were 
removed based on annotation and low or high representation.  B) The effect of filtering on 
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Figure 9: Comparison of biological replicates.  A) Similarities among biological replicates 
evaluated using Kendall Tau’s correlation coefficient.  B) Multidimensional scaling plot (MDS) 
groups biological replicates together based on commonalities. 
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Figure 10: The number of differentially expressed contigs, at the ≤ 0.01 significance level, 




































Figure 11: Enrichment pipeline.  From a dataset of all differentially expressed contigs enriched 
KEGG pathways were identified using KOBAS 2.0.  From pairwise comparisons enriched GO 









Figure 12: Enriched KEGG insect hormone biosynthesis pathway (KO id: dme00981).  Yellow 
components indicated enrichment in differentially expressed dataset.  Green components were 








Figure 13: Enriched KEGG oxidative phosphorylation (KO id: dme00190).  Yellow components 
indicated enrichment in differentially expressed dataset.  Green components were present in the 








Figure 14: Enrichment of gene ontology terms, at the ≤ 0.05 significance level, between 
intermolt to early premolt.  Test set refers to differentially expressed contigs, reference set 








Figure 15: Enrichment of gene ontology terms, at the ≤ 0.05 significance level, between mid to 









Figure 16: Enrichment of gene ontology terms, at the ≤ 0.05 significance level, between late 
premolt to postmolt.  Test set refers to differentially exprssed contigs, reference set includes 








Figure 17: Enrichment of gene ontology terms, at the ≤ 0.05 significance level, between 
postmolt to intermolt.  Test set refers to differentially expressed contigs, reference set includes 







Figure 18: Log mean expression of contigs contained in enriched GO term: cellular protein 
modification process (GO:0006464).  Enrichment of GO term occurring in intermolt to early 
premolt transition.  Contigs graphed were differentially expr ssed between molt stages in red 
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Figure 19: Log mean expression of contigs contained in enriched GO term: chitin binding 
(GO:0008061) and chitin metabolic process (GO:0006030).  Contigs were identical for both 








Figure 20: Log mean expression of contigs contained in enriched GO term: A) structural 
molecule activity (GO:0005198) and B) energy derivation by oxidation of organic compounds 












Figure 21: Log mean expression of contigs contained in enriched GO term: A) ribosome  
(GO:0005840) and B) translation (GO:0006412).  Contigs graphed were differentially expressed 












Figure 22: MAP kinase (c251373_g1_i1) and hemolymph ecdysteroid titers compared 
throughout the molt cycle.  Error bars represent ± SEM.  ANOVA used to identify statistically 
significant groups, when compared to the molt cycle stages at the .05 level.  Statistical 
significance between molt cycle stages and MAP Kinase denoted by a black asterisk.  Statistical 
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Table 1: Summary of over enriched GO terms between molt stage transitions, when compared to 














Over Enriched Go Terms 



















371 4 2 
GO:0008061 chitin binding 5 




813 8 8 
GO:0016987 sigma factor activity 4 
GO:0046718 viral entry into host cell 3 
GO:0001123 




GO:0005198 structural molecule activity 24 
GO:0015980 
energy derivation by 
oxidation of organic 
compounds 
12 
GO:0003938 IMP dehydrogenase activity 3 
GO:0016830 carbon-carbon lyase activity 7 
GO:0030655 
beta-lactam antibiotic 
catabolic process 2 
Postmolt to 
Intermolt 
3,210 5 5 
GO:0003735 
structural constituent of 
ribosome 48 
GO:0005840 ribosome 49 
GO:0006412 translation 78 
GO:0046718 viral entry into host cell 3 
GO:0001123 
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 In 2001 the draft human genome was completed (Lander et al., 2001).  The draft was an 
international, collaborative effort, which required elevn years to sequence, (Lander et al., 2001) 
four additional years to finalize, and 100 million dollars to complete (Wetterstrand, 2016).  
Researchers assembled 2.85 billion nucleotides and produced a draft genome with 99% 
euchromatic coverage identifying 30,000 to 40,000 protein-coding genes (Collins et al., 2004).  
The success of the Human Genome Project demonstrated the feasibility of generating genome 
assemblies for complex eukaryotes.  Genomes are now being used to address more complex and 
diverse questions.  In 2015, the 1000 Genomes Project was completed; s quences from 2,504 
people were used to identify differences between individuals to better understand genetic 
variation (Altshuler et al., 2015). 
 The increase in genome assemblies and applications is evident among all species.  As of 
April 2016, NCBI hosts 2,980 eukaryotic genome databases, ranging from Acanthamoeba 
astronyxis to Zymoseptoria tritici.  This is a massive increase from 2013, when NCBI contained 
only 644 genome assemblies (Ellegren, 2014).  Although projects are biased toward mammals 
and crop plants (Ellegren, 2014), the diversity in species sequenced is growing, including the 
subphylum Crustacea.  Recent crustacean genomes assembled include the water fle , Daphnia 
pulex (Colbourne et al., 2011); cherry shrimp, Neocaridina denticulate (Kenny et al., 2014); and 
the Chinese mitten crab, Eriocheir sinensis (Song et al., 2016). 
 Largely driving the boom in genomic projects is the decrease in sequencing price.  




over 1,000 dollars  (Wetterstrand, 2016).  The development of, and continued innovations in, 
massively parallel sequencers make genome sequencing more affordable and accessible.  
Researchers with the means to sequence genomic data usually lack the man-power of the Human 
Genome Project, making draft genomes dependent upon computational tools for assembly and 
annotation.  Growing in popularity are ab initio tools, which operate independently of biological 
evidence by using mathematical predictions (Yandell and Ence, 2012).  As a result, quality tools 
for genome assembly and annotation, not sequencing, are the current limiting factors in high 
quality genome production (Yandell and Ence, 2012).  In 2010, the giant panda genome, 
Ailuropoda melanoleura, was assembled using only next-generation sequencing (NGS) methods 
and relied heavily on ab initio tools, in conjunction with evidence-based methods, for analysis 
(Li et al., 2010).  The affordability of sequencing, along with the improvement of bioinformatics 
packages have contributed to the increase in genome projects. 
 The G. lateralis draft genome project was driven largely by sequence affordability 
(Wetterstrand, 2016) and the development of de novo tools (Yandell and Ence, 2012).  The 
purpose was to sequence and construct a draft genome for G. lateralis to complement the Y-
organ (YO) transcriptome discussed in Chapter 2.  A quality genome is needed to 
computationally validate and annotate transcriptome sequences.  Global comparison of genome 
and transcriptome information is a powerful tool in understanding transcriptional changes 
occurring in the molting gland by combining annotated transcripts with regulatory, noncoding 
regions and expression data.  This project is part of a larger goal to understand how changes in 






Materials and Methods: 
Animal Care, Library Preparation, and Sequencing 
One adult male Gecarcinus lateralis from the Dominican Republic was used for genome 
sequencing.  The animal was housed in a communal cage under conitions described by Covi et 
al. (2010).  Claw muscle was dissected and genomic DNA extracted.  The library was prepared 
for Next Generation Sequencing using the Nextera Mate Pair Sample Preparation Kit from 
Illumina, and sequenced with Illumina HiSeq 2000 at the Oklahoma Medical Research 
Foundation.  The library was divided into two technical rep icates, each in different lanes, in the 
same sequencing reaction. 
 
Genome Assembly: 
The Illumina HiSeq 2000 sequencer was used to produce raw paired-end 100-bp reads.  
Technical replicates from two sequencing reactions, nicknamed L01 and L08, were examined for 
quality and adapter presence using Babraham Bioinformatics’ FastQC (Andrews, 2010).  
Trimmomatic 0.33 was used to remove Nextera Paired-End adapters from L08 and TruSeq2 
Paired-End adapters from L01 (Bolger et al., 2014).  Both libraries were trimmed using a phred 
score, a quality measurement assigned to each base sequenced, with a cutoff of an average phred 
quality score ≥ 20 over a four-nucleotide sliding range, with a minimum length of 35 
nucleotides.  The resulting paired-end trimmed reads were used for genome assembly. 
Paired-end reads from technical replicate L08 and L01 were assembled using Ray 2.3.1 
(Boisvert et al., 2010).  Three separate draft genomes were generat d, using the individual 
replicates separately and after pooling reads from both reactions.  The default settings in Ray 




of 37 nucleotides.  The seed parameters used required at least one read coverage and a length of 
100 nucleotides.  Contigs had a minimum length of 100 nucleotides before being combined into 
scaffolds, which had a minimum length of 147 nucleotides.  Assembly metrics were extracted 
from Ray (Boisvert et al., 2010). 
As another measurement of assembly quality, reads were align d to the draft genome and 
tallied using Bowtie 2.2.6 (Langmead and Salzberg, 2012), in conjunction with Samtools 1.3 for 
formatting (Li et al., 2009).  Tablet 1.15.09.01 was used to visualize scaffolds with 
corresponding contigs and reads (Milne et al., 2013).  Mapping and assembly metrics were used 
to identify the optimal assembly to serve as the G. lateralis draft genome. 
 
Estimate of Genome Size 
 The size of the G. lateralis genome was calculated using an equation for non-model 
organisms with de novo genome assemblies (Li et al., 2010; Song et al., 2016); the total sequence 
length is divided by read sequence depth to estimate genome size (Liu, 2013).  Total sequence 
length was calculated by multiplying the average read length by e total number of reads.  Read 
sequence depth required identifying a peak k-mer frequency.  Forward and reverse paired-end 
reads were concatenated into one file, in which standard 17-bp long k-mers (Li et al., 2010; Song 
et al., 2016) were identified and counted using Jellyfish 2.1.4 (Marcais and Kingsford, 2011).  A 
histogram of k-mers identified the highest k-mer frequency (M).  This value, along with mean 
read length (L), and k-mer length (K), were used to calculate sequence depth (N) with the 






Local Comparison of Genome and Transcriptome 
A local draft genome BLAST database comprised of scaffolds was generated using 
prfectBLAST2.0 (Santiago-Sotelo and Humberto Ramirez-Prado, 2012).  To verify the 
assemblies of the draft genome and reference transcriptome, representative transcriptome contigs 
were queried against the draft genome.  Local BLASTn searchs against the draft genome in 
prfectBLAST identified and extracted scaffolds of interest.  Reference transcriptome contigs and 
draft genome scaffolds were manually compared and aligned in prfectBLAST as verification. 
 
Computational Notes: OSU High Performance Computer and perl 
The Cowboy server at Oklahoma State University was used for read t imming, genome 
assembly, file conversion, and read mapping.  The Cowboy cluster consisted of 252 compute 
nodes, each with 32GB 1333 MHz RAM and dual hex-core 2.0 GHz CPUs.  File manipulation 




 Sequencing of technical replicates L01 and L08 produced 407K 100-bp paired-end reads.  
Replicate L01 contained 13% more reads than L08 (Table 2).  When compared in FastQC, the 
replicates appeared comparable in sequence quality, GC content, and adapter presence (Table 2).  
After trimming both replicates, adapters were eliminated and sequence quality improved, 
verified by an additional FastQC analysis.  A total of 260K high-quality reads (Table 2), 




 The draft genome assembly pipeline (Fig. 23) was used to generate three assemblies: 
L01, L08, and pooled.  Assembly variation is evident in the scaffold metrics. Scaffolds at least 
500 bp in length were selected to assess genome assembly due to usability of extended scaffolds 
(Table 3).  The pooled assembly, with reads from L01 and L08, generated more scaffolds with a 
higher N50 (Table 3), indicating the number of reads and genom  quality were correlated.  This 
was confirmed when comparing individual assemblies; L01 contained more raw reads than L08 
(Table 2) and produced a larger number of longer scaffolds than L08 (Table 3). 
 The need for a large quantity of reads to assemble a quality draf  genome was also 
evident in the rate of read alignment to the genome scaffolds.  This read mapping is not to be 
used for quantification, as it is for the transcriptome, rather it serves as an additional measure of 
assembly quality.  Again, the pooled assembly had the highest percentage of reads mapped back 
to the assembly, 75.87%, than either replicate separately (Table 3).  The higher mapping rate and 
more favorable metrics resulted in the pooled assembly being used as the G. lateralis draft 
genome and for downstream analysis. 
 
Estimate Genome Size 
 To calculate genome size, a histogram identifying the highest k-mer frequency was 
generated (Fig. 24).  With a standard 17-mer parameter, the f equency peak was identified at 12, 
meaning 17 bp long k-mers were most commonly found in the draft genome 12 times (Fig. 24).  
The most common 17-mer depth, 12, is found 2.3 million times in the draft genome (Fig. 24).  
Average read length (86.66 bp) and number of reads (520K) were used in th  estimation equation 
(Fig. 25).  Sequencing depth was estimated at 14.72, indicating each base was read and reported 




Compare Genome and Transcriptome Sequence 
 The transcriptome contig for Rheb, Ras homolog enriched in brain (c280169_g1_i1), was 
queried against the draft genome database using a local BLASTn search in prfectBLAST2.0.  
The scaffolds that aligned with Rheb (scaffold-14687, scaffold-25268, scaffold-20402, and 
scaffold-628615) were used to elongate the sequence (Fig. 26).  Manual alignment of the 
scaffolds identified four introns in the open reading frame and extended the 5’ and 3’ sequences 
by 6,170 and 1,584 bp, respectively (Fig. 26).  Sequences were identical o  the nucleotide level 
except for one nucleotide discrepancy in the 3’ UTR (Fig. 27).  Overall, the Rheb sequence 
length was increased 7.7-fold, from 1,914 nucleotides of the cDNA obtained by RT-PCR and 
RACE (MacLea et al., 2012) to 14,813 nucleotides.  There were two instances when scaffolds 
contained overlapping identical sequence but were not combined in the Ray assembler: scaffold-
628615 and scaffold-25268 have a 607 bp overlap; and scaffold-20402 and scaffold-14687 
overlap by 1766 bp (Fig. 26).  Manually comparing the genome and trscriptome demonstrated 
all four scaffolds align with Rheb and extend the non-coding sequence.  The high sequence 




 This preliminary assembly of a draft genome of G. lateralis is the first step towards 
generating a genomic database aimed at understanding gene structure.  The potential for global 
alignment between the de novo assembled transcriptome and genome is evident in the local 
annotation of the Rheb gene.  When compared to the Rheb cDNA, the genome ORF sequence 




extended the Rheb gene sequence and identified four introns containing the canonical GU-AG 
splice site sequence (Fig. 26, 27) (Pagani and Baralle, 2004).  Validation of the Rheb 
transcriptome sequence and the increase in non-coding information represent two main goals of 
the genome project. 
Using the scaffolds generated in the genome assembly, we can approximate the genome 
size of G. lateralis and compare it to other crustaceans.  Based on the 17 k-mer frequency, we 
calculated the genome to be 3.07 Gb.  This value is similar to N. denticulata approximations, 
which used the C-value of a related shrimp to estimate genome size to be 3 Gb (Kenny et al., 
2014).  When the crustacean genome sizes were superimposed onto a figure generated by 
Yandell et al. (2012), the genome sizes of crustaceans clusters in the sam  category as humans 
and other vertebrate mammals (Fig. 28).  E. sinensis reports a more modest genome size of 1.66 
Gb, but it is still larger than other invertebrates, such as C. elegans and D. melanogaster (Fig. 
28).  The only crustacean with a reported genome size below 1 Gb is the D. pulex (Colbourne et 
al., 2011), with an estimated genome size of 200 Mb.  The small genome size of D. pulex is 
closer to that of D. melanogaster (Fig. 28) than other crustaceans, possibly due to decreased 
intron size (Colbourne et al., 2011).  Based on the genome sizes of other crustaceans, G. lateralis 
appears to be closer in size to mammals than Drosophila. 
 While the draft genome was used to complement transcriptome sequence, as well as 
estimate genome size, there are limitations in regards to global usability.  To take full advantage 
of a genome, ab initio analysis is required, including computational gene prediction.  This form 
of prediction takes advantage of the entire genome by identifying potential genes throughout all 
sequences, rather than manual annotation.  Computational ge e prediction relies upon contiguous 




gene size (Yandell and Ence, 2012).  A genome meeting this standard is estimated to have 50% 
of the genes contained on a single scaffold (Yandell and Ence, 2012), increasing the success of 
ab initio gene identification.  Based on the gene size (Fig. 28), we estimate that the N50 scaffold 
length for G. lateralis must be at least five times longer than the 1,819-bp N50 length obtained in 
the draft genome.  The inadequate N50 value, in conjunction with previous evidence of non-
contiguous scaffolds in Rheb, supports the need for more sequencing to improve the assembly.  
The E. sinensis genome sequenced ~83% more reads than G. lateralis (Song et al., 2016).  
Inadequate read numbers are attributed to producing shorter scaffolds, with a recommendation 
for additional sequencing (Yandell and Ence, 2012).  Generating longer reads with additional 
sequencers, such as PacBio, would complement the current set of reads. 
 Future work will also involve adjusting parameters of the current assembler, Ray.  Ray 
was selected because of its parallel processing ability.  Assemblies can be produced within a 
reasonable time frame, allowing for multiple iterations (Boisvert et al., 2010).  Ray generated 
useable, verifiable scaffolds in the draft genome, therefore optimization will likely improve 
scaffold length.  An alternative to improve G. lateralis assembly is to utilize a program shown to 
be successful in crustaceans.  The draft genome of E. sinensis was assembled using Platanus, 
with an N50 of 224 Kb (Kajitani et al., 2014; Song et al., 2016).  In addition to optimization, we 
are interested in using Platanus to increase the N50 of G. lateralis scaffolds. 
A major accomplishment from this project is generating a useable de novo draft genome 
from a limited number of reads.  For G. lateralis, the first assembled draft is complete.  With 
only two technical replicates, we generated scaffolds that can be utilized to extend and validate 




involve additional sequencing and assembly optimization to generate a computationally 







Figure 24: Draft genome assembly pipeline.  Only Pooled metrics reported, L01 and L08 used 

















Figure 25: Histogram required to approximate genome size.  Histogram of 17-mer depth.  Depth 



















































Figure 26: A) Values required to approximate genome size.  Highest k-mer frequency calculated 
in Figure 2.  B) Genome calculation, including equation and output. 
  
A)  
Parameter: Abbreviation:  Value: 
Number of Reads 
(trimmed) R 520,593,466 
Average Read 
Length L 86.6599 
K-mer Length K 17 
Highest k-mer 
Frequency M 12 
 
 
B)   
 
 
G= total sequence length/read sequence depth 
 
total sequence length = R*L 
total sequence length = 45,114,577,700 
 
read sequence depth = N 












Figure 27: Rheb, Ras homolog enriched in brain, sequence alignment.  Alignment includes 
reference transcriptome contig for Rheb and four scaffolds from draft genome.  Introns are 
denoted by the dotted line in the reference transcriptome.  Scaffold-628615 and scaffold-25268 
























































































































































Figure 28: Rheb, Ras homolog enriched in brain, sequence.  Yellow boxes represents ORF, gray 
boxes indicate intron sequences.  Red letter denotes nucleotide discrepancy, thymine in 








Figure 29: Comparison of genes and genome size with a modified figure enerated by Yandell 
et al. 2012.  A direct linear relationship between genome size and median gene size was denoted 
with the solid line.  Crustacean species were superimposed onto the graph, estimation based on 
genome size with conservative gene size.  
  










Table 2: Metrics on genomic read data from replicates L01 and L08, and the Pooled library.  
Percent GC, sequence quality, and adapter presence reported after trimming.  The difference 
between the number of reads sequenced in L01 and L08 was 13%. 
 
  
Metric: L08: No Index L01: TGA Pooled: 
Raw Reads from Illumina 188,858,188 218,474,824 407,333,012 
Trimmed Paired-End Reads 116,621,615 143,675,118 260,296,733 
% GC 42.50% 42.50% 42.00% 
Sequence Quality 
















Table 3: Metrics on draft genome assemblies from replicates L01 and L08, and the Pooled 
library.  The information was used to select the Pooled assembly as the draft genome for G.





Metric: L08: L01: Pooled: 
Scaffolds Assembled 132,406 231,961 375,152 
Scaffold N50 (bp) 873 1867 1841 
Scaffold Median Length (bp) 704 852 1011 
Longest Scaffold (bp) 169,115 43,460 289,650 
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###Prefix before each script### 
 
#!/bin/bash 
#PBS -q batch 
#PBS -l nodes=1:ppn=12 
#PBS -l walltime=120:00:00 
#PBS -N BamIndexSorted 




















###Trinity and Normalization### 
Trinity --output Trinity_MLA --seqType fq --JM 81G --left 
/scratch/lamartin/trimfiles/Forwardtrimfiles/MLA_left.fq --right 
/scratch/lamartin/trimfiles/Reversetrimfiles/MLA_right.fq --CPU $NCORES --




# run trinity 
Trinity --normalize_max_read_cov 20  --output Trinity_MLA_Norm --seqType fq --JM 80G --
left /scratch/lamartin/trimfiles/Forwardtrimfiles/MLA_left.fq --right 
/scratch/lamartin/trimfiles/Reversetrimfiles/MLA_right.fq --CPU $NCORES --







module load cd-hit 
export OMP_NUM_THREADS=12 
  






# run bowtie2 
time bowtie2 -p $NCORES -x /home/lamartin/MLA_mapping/MLA_cdhitest-10_02.bt2 -1 
/scratch/lamartin/Bowtie_Prep/DA1/DA1_ACTTGA_L005_R1_forward_paired.fq.gz -2 
/scratch/lamartin/Bowtie_Prep/DA1/DA1_ACTTGA_L005_R2_reverse_paired.fq.gz -U 






/opt/samtools/1.3/gcc/samtools view -b -S -o MLA.bam MLA.sam 
/opt/samtools/1.3/gcc/samtools sort MLA.bam -o MLA.sorted 





/opt/express/1.5.1/prebuilt/express --rf-stranded -o 
/scratch/lamartin/DIRECTORIES_TEMPLATE/DA1/L005 /home/lamartin/ESA_cdhitest-
10_02.fasta /scratch/lamartin/ESA_mapping/DA1_L005.bam 
/opt/express/1.5.1/prebuilt/express --rf-stranded -o 
/scratch/lamartin/DIRECTORIES_TEMPLATE/DA1/L006 /home/lamartin/ESA_cdhitest-
10_02.fasta /scratch/lamartin/ESA_mapping/DA1_L006.bam 






###EdgeR for Use in R Studio### 









x <- read.csv("2016_2_18_MLAfilt_cpm1_g3_no_mill_noPM1.csv", row.names=1) 
group <- factor(c("Aim", "Aim", "Aim", 
                  "Bep", "Bep", "Bep", 
                  "Cmp", "Cmp", "Cmp", 
                  "Dlp", "Dlp", "Dlp", 
                  "Epm", "Epm")) 
                   
#make DGEList to store data and calculate library size 
y <- DGEList(counts=x, group=group) 
y$samples 
 
#model-based normalization, TMM (2.7.6) 
y <- calcNormFactors(y) 
y$samples 
 
#visualize library size  
names = c("IM1", "IM2", "IM3", 
          "EP1", "EP2", "EP3", 
          "MP1", "MP2", "MP3", 
          "LP1", "LP2", "LP3", 
          "PM2", "PM3") 
barplot(y$samples$lib.size*1e-6, ylim=c(0,30), names=names, ain="Size of MLA Libraries", 
xlab="Library", ylab="Library size (millions)") 
 
#visualize library similarities 
plotMDS(y) 
 
#mean difference plot, 4.4.4 (should be 0) 
#need to complete for all molt stages 
par(mfrow=c(3,1)) 
plotMD(cpm(y, log=TRUE), column=1) 
abline(h=0, col="red", lty=2, lwd=2) 
plotMD(cpm(y, log=TRUE), column=2) 
abline(h=0, col="red", lty=2, lwd=2) 
plotMD(cpm(y, log=TRUE), column=3) 
abline(h=0, col="red", lty=2, lwd=2) 
 
par(mfrow=c(3,1)) 
plotMD(cpm(y, log=TRUE), column=4) 
abline(h=0, col="red", lty=2, lwd=2) 
plotMD(cpm(y, log=TRUE), column=5) 
abline(h=0, col="red", lty=2, lwd=2) 
plotMD(cpm(y, log=TRUE), column=6) 






plotMD(cpm(y, log=TRUE), column=7) 
abline(h=0, col="red", lty=2, lwd=2) 
plotMD(cpm(y, log=TRUE), column=8) 
abline(h=0, col="red", lty=2, lwd=2) 
plotMD(cpm(y, log=TRUE), column=9) 
abline(h=0, col="red", lty=2, lwd=2) 
 
par(mfrow=c(3,1)) 
plotMD(cpm(y, log=TRUE), column=10) 
abline(h=0, col="red", lty=2, lwd=2) 
plotMD(cpm(y, log=TRUE), column=11) 
abline(h=0, col="red", lty=2, lwd=2) 
plotMD(cpm(y, log=TRUE), column=12) 
abline(h=0, col="red", lty=2, lwd=2) 
 
par(mfrow=c(3,1)) 
plotMD(cpm(y, log=TRUE), column=13) 
abline(h=0, col="red", lty=2, lwd=2) 
plotMD(cpm(y, log=TRUE), column=14) 
abline(h=0, col="red", lty=2, lwd=2) 
 
##### 
#establish experimental design (3.2.3) 
design <- model.matrix(~0+group, data=y$samples) 





#estimate dispersion (spread, scatter, distribution, 2.9.1) 
#given a generalized linear model, using DGEList 
y <- estimateDisp(y, design, robust = TRUE) 
 





# Use quasi-likelihood F-test for differential expression 
#reflects uncertaintiny in estimating gene dispersion 
#provides robust and reliable error rate control, replicate 
# number is small (2.10.3) 







#pull out specific contrast for differentail expression 
#QL F-test tests for significant diff expression in each gene 
my.contrasts <- makeContrasts(Bep_vs_Aim=Bep-Aim, 
                              Cmp_vs_Bep=Cmp-Bep, 
                              Dlp_vs_Cmp=Dlp-Cmp, 
                              Epm_vs_Dlp=Epm-Dlp, 
                              Epm_vs_Aim=Epm-Aim, 
                              levels=design) 
qlf <- glmQLFTest(fit, contrast=my.contrasts[,"Bep_vs_Aim"]) 
topTags((qlf)) 
 
#view bio rep similarities in psuedo count 















#The following scripts were used in genome assembly.  Ray had increased nodes of 40, with wall 
time extended by OSU HPCC technician. 
 
 
###Prefix before each script### 
 
#!/bin/bash 
#PBS -q batch 
#PBS -l nodes=1:ppn=12 
#PBS -l walltime=120:00:00 
#PBS -N BamIndexSorted 







#Necessary to select appropriate adapters 
 































NP=`cat $PBS_NODEFILE | wc -l` 













/opt/bowtie2/2.2.6/prebuilt/bowtie2 -x Ray -1 NoIndex_L008_forward_paired.fq -2 
NoIndex_L008_reverse_paired.fq -S NoIndex.sam 
 
 
###Sam to Bam Conversion### 
 
/opt/samtools/1.3/gcc/samtools view -b -S -o ALL.bam ALL.sam 
 
 
###Sorting Bam File### 
 
/opt/samtools/1.3/gcc/samtools sort NoIndex.bam -o NoIndex.sorted 
 
 
###Index Sorted Bam File### 
 
/opt/samtools/1.3/gcc/samtools index NoIndex.sorted 
 
 
###Convert Sorted Bam File### 
#Ran interactively 
 










#split_fasta.pl written by Paul Stothard, Canadian Bioinformatics Help Desk; provided by Das.  
Script used to divide .fasta files to run jobs in parallel. 
 
#extract_sequences_pl.txt author unknown; provided by Das.  Script used to extract specific 





#split_fasta.pl version 1.0 
#This script accepts a file consisting of multiple FASTA formatted sequence records. 
#It splits the file into multiple new files, each consisting of a subset of the original records. 
# 
#There are three command line options: 
# 
#-i input file. 
#-o output file prefix. This script will append numbers to this prefix name so that each created 
file is unique. 




#perl split_fasta.pl -i sample_in.txt -o new_sequences -n 100 
# 















GetOptions ('i|input_file=s' => \$inputFile, 
     'o|output_file_prefix=s' => \$outputFile, 




















if ($numberToCopy <= 0) { 
    die ("-n value must be greater than 0.\n"); 
} 
 
#count the number of sequences in the file 
#read each record from the input file 
 
my $seqCount = 0; 
my $fileCount = 0; 
my $seqThisFile = 0; 
 
open (OUTFILE, ">" . $outputFile . "_" . $fileCount) or die ("Cannot open file for output: $!"); 
 
open (SEQFILE, $inputFile) or die( "Cannot open file : $!" ); 
$/ = ">"; 
 
while (my $sequenceEntry = <SEQFILE>) { 
 
    if ($sequenceEntry =~ m/^\s*>/){ 
 next; 
    } 
 
    my $sequenceTitle = ""; 
    if ($sequenceEntry =~ m/^([^\n]+)/){ 
 $sequenceTitle = $1; 
    } 
    else { 
 $sequenceTitle = "No title was found!"; 





    $sequenceEntry =~ s/^[^\n]+//; 
    $sequenceEntry =~ s/[^A-Za-z]//g; 
 
    #write record to file 
    print (OUTFILE ">$sequenceTitle\n"); 
    print (OUTFILE "$sequenceEntry\n"); 
    $seqCount++;    
    $seqThisFile++; 
 
    if ($seqThisFile == $numberToCopy) { 
 $fileCount++; 
 $seqThisFile = 0; 
 close (OUTFILE) or die( "Cannot close file : $!"); 
 open (OUTFILE, ">" . $outputFile . "_" . $fileCount) or die ("Cannot open file for 
output: $!");  
    } 
 
}#end of while loop 
 
close (SEQFILE) or die( "Cannot close file : $!"); 
 





if (scalar(@ARGV) != 3) 
 { 
 print "\nThis script extracts fasta sequences using a list of names\n"; 
 print "The user should provide a file that contains the list of sequence names\n"; 
 print "and the fasta sequence file\, in addition to the output filename\n\n"; 




open (FILE1, "$ARGV[1]"); 
while ($line = <FILE1>)  
 { 
 chomp $line; 
 if ($line =~ /\>/) 
  { 
  $line =~s /\>//g; 
  ($ky, $c2)  = split (/\s+/, $line, 2); 
  $myHash{$ky} = "\>$line\n"; 
  next; 








open (FILE3, ">$ARGV[2]"); 
 
open (FILE1, "$ARGV[0]"); 
while ($line = <FILE1>) 
 { 
 chomp $line; 
 $line =~s /\>//g; 
 if (exists($myHash{$line})) 
  { 
  print FILE3 "$myHash{$line}"; 
  next; 
  } 
 else 
  { 
  print "$line \.\.\.\. could not be extracted\n"; 















The descriptions below are not comprehensive, but are intended to provide additional 
clarification within the context of this project. 
  Annotation: add biological meaning to contigs/transcripts in the transcriptome based on 
sequence comparisons to other species 
o Identity: provide name of gene product to unknown sequence 
o Functional: provide biological context to an identified gene product; includes KEGG 
pathways and GO terms  Contig (genome): individual sequence, used to generate longer segments known as scaffolds  Contig (transcriptome): individual sequence within the reference transcriptome; possible 
gene product; has a unique identifying number (also referred to as a tr nscript)  Count: quantification of contig expression in the transcriptome, not normalized  FPKM: normalized quantification of contig expression in the ranscriptome, normalized 
based on library size and contig length  Genome/draft genome: a database of assembled genomic sequences  k-mer: a subunit of a read (length denoted by k) that is used to align reads into longer 
sequences in genome/transcriptome assembly, can also be quantified to estimate genome size  N50: common metric for measuring scaffold length and assessing genome quality; larger 
N50s indicate higher quality genome assembly; calculation gives increased consideration to 
longer scaffolds  phred score: quality score used to assess reads, higher phred scores indicate more accurate 
sequencing  Read: the output of Illumina sequencer, used to assemble genome/transcriptome  Scaffold: individual genomic sequences within the reference genome; each has a unique 
identifying number  Transcript: individual sequence within the reference transcriptome; possible gene product; 









The descriptions of tools and packages below are not comprehensive, but are intended to provide 
additional clarification within the context of this project.  In addition to a description, packages 
that are not standard or have many alternatives contain a brief justification for their use. 
  BLAST2GO Basic 3.0.8/BLAST2GO PRO 3.2.7: identify enriched GO terms; software 
provides clear visuals and graphics of enriched GO terms based the three major GO 
subcategories; interface is convenient with results obtained in the PRO version at an 
accelerated rate  BLASTx: annotate transcriptome contigs (identity)  Bowtie 2 2.2.3: align reads back to the reference transcriptome or draft genome  CD-HIT-EST 4.6.1: cluster transcriptome contigs with nucleotide similarity; used to 
eliminate redundancy in the transcriptome in the absence of a reference genome  Edge R 3.12.0: test for differential expression between molt cyc e stages; package is well-
cited in transcriptome projects, contains clear manual with diverse examples; and is a 
compilation of versatile tools (multiple options for library normalization, visualization, and 
statistical analysis)  eXpress 1.5.1: quantify count and FPKM expression of contigs in transcriptome  FastQC 0.11.3: view raw and trimmed reads  Illumina HiSeqTM 2000: sample sequencer, produced 100 bp paired-end reads  Jellyfish 2.1.4: quantify k-mers with a set of genomic reads; simple command line with 
straightforward manual; part of Trinity packages  KOBAS 2.0: identify enriched KEGG pathways; online program contains multiple databases 
for comparative analysis; easy to use interface with multiple options; output includes both 
enriched and non-enriched (yet present) components in various KEGG pathways  prfectBLAST: extract genome scaffolds or transcriptome contigs using unique identifying 
number; allows for local blast searches of genome/transc iptome database; program 
contained all desired functions for working with unpublished databases  Ray 2.3.1: assemble trimmed reads into contigs and subsequent scaffold  (genome); 
recommended due to the small size of trimmed reads and for parallel p ocessing, allowing for 
multiple iterations with minimal computational requiremnts  SAMtools 0.1.18: file converter; required to quantify expression levels following Bowtie  Tablet 1.15.09.01: visualize genomic scaffolds; simple interfac  and quickly provides metrics 
and a visual for individual scaffolds  Trimmomatic 0.33: trim or remove raw reads based on quality  Trinity r20140413p1: assemble trimmed reads into contigs (transcriptome) 
 
